Reward Circuitry Activation by Noxious Thermal Stimuli  by Becerra, Lino et al.
Neuron, Vol. 32, 927–946, December 6, 2001, Copyright 2001 by Cell Press
Reward Circuitry Activation
by Noxious Thermal Stimuli
tional responses to pain remain a topic of debate (see
Melzack and Casey, 1968; Fields, 1999).
Over the past decade, studies of pain administration
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Roy Wise,8 R. Gilberto Gonzalez,1,4
and David Borsook1,2,3,4,5,7,9
in humans have consistently reported activation in the1 Center for Functional Pain Neuroimaging
anterior cingulate gyrus (aCG), the insula (INS), and theand Therapy Research
thalamus, and less consistently, in other regions such2 Motivation and Emotion Neuroscience Center
as the primary somatosensory cortex (SI) and the peria-3 Athinoula A. Martinos Center
queductal gray (PAG) (Talbot et al., 1991; Coghill et al.,for Biomedical Imaging
1994; Iadarola et al., 1998; Casey et al., 1996; Becerra4 Department of Radiology
et al., 1999; Craig et al., 2000; Hofbauer et al., 2001).5 Department of Neurology and
The aCG, INS, thalamus, SI, and PAG may be considered6 Department of Psychiatry
to be a classic formulation of circuitry involved with theMassachusetts General Hospital and
processing of pain (referred to henceforth as “classicHarvard Medical School and
pain circuitry”). These regions, though, also respond to7 Program in Neuroscience
less aversive sensory stimuli and do so across a transi-Harvard Medical School
tion from nonaversive to aversive stimulation (DerbyshireBoston, Massachusetts 02129
et al., 1997; Coghill et al., 1999; Becerra et al., 1999). It8 National Institutes of Drug Abuse
might be argued, accordingly, that there currently is noNational Institutes of Health
objective brain correlate of pain. Some investigatorsBaltimore, Maryland 21224
have begun to address this issue and have hypothesized
that a subset of these regions interpret human re-
sponses relating to sensation/pain intensity and painSummary
unpleasantness (Rainville et al., 1997; Tolle et al., 1999;
Bushnell et al., 1999) on the basis of imaging with sup-Using functional magnetic resonance imaging (fMRI),
port of psychophysical measures (Gracely and Kwilosz,we observed that noxious thermal stimuli (46C) pro-
1988; Price et al., 1994; Fields, 1999). The issue of whichduce significant signal change in putative reward cir-
brain regions process sensory information versus thosecuitry as well as in classic pain circuitry. Increases in
that mediate affective responses remains an area ofsignal were observed in the sublenticular extended
active discussion. Indeed, it is unclear whether unpleas-amygdala of the basal forebrain (SLEA) and the ventral
antness is a sensation or an emotion (Fields, 1999).tegmentum/periaqueductal gray (VT/PAG), while foci
Another approach for determining which neuroana-of increased signal and decreased signal were ob-
tomical regions mediate emotional processes regardingserved in the ventral striatum and nucleus accumbens
pain stimuli might focus on those regions known to be(NAc). Early and late phases were observed for signals
active for motivational processes that underlie emotionin most brain regions, with early activation in reward
(Breiter and Rosen, 1999). When animals organize be-related regions such as the SLEA, VT/PAG, and ventral
havior in response to aversive or rewarding stimuli, theystriatum. In contrast, structures associated with so-
respond to multiple informational dimensions of thesematosensory perception, including SI somatosensory
goal-objects or events; multiple brain regions have beencortex, thalamus, and insula, showed delayed activa-
implicated in these processes (Bozarth and Wise, 1986;tion. These data support the notion that there may be
Wise, 1996, 1998; Robbins and Everitt, 1996; Schultz eta shared neural system for evaluation of aversive and
al., 1997; LeDoux, 1998). More recently, these regions
rewarding stimuli.
have been specifically implicated in reward processes
in humans (Breiter et al., 1997). These regions, which
Introduction include the nucleus accumbens (NAc), the sublenticular
extended amygdala of the basal forebrain (SLEA), the
Pain is a complex response that has been functionally amygdala, the ventral tegmentum (VT), and the orbital
categorized into sensory, adaptive, and affective com- gyrus (GOb), have been shown to be activated in studies
ponents (Melzack and Wall, 1965; Price, 2000a). Exten- of drug-associated reward (e.g., Breiter et al., 1997,
sive electrophysiological research in animals has de- 2000; e.g., Stein et al., 1998), and/or monetary reward
fined likely neuroanatomical substrates for some of the (Breiter et al., 1996a, 2001; Knutson et al., 2000; Elliott
sensory attributes of pain, such as stimulus location and et al., 2000). In general, these regions are thought to be
intensity, and some of the adaptive responses, such important for information processing in the service of
as descending analgesia (Willis and Westlund, 1997; emotional and motivational states (Breiter and Rosen,
Besson, 1999; Dubner and Gold, 1999; Fields, 2000; 1999). Traditionally, these regions have been thought to
Price, 2000b). Other regions activated by painful stimuli respond to rewarding rather than aversive stimuli,
have also been identified that may be involved in the though it has been postulated that pain and reward
affective response (Rainville et al., 1997; Tolle et al., 1999); are at opposite ends of the same behavioral spectrum
however, the neural substrates for motivational and emo- (Spinoza, 1883; Schneirla, 1959).
In an effort to evaluate the contribution of reward
circuitry to the processing of aversive stimuli and to9 Correspondence: borsook@nmr.mgh.harvard.edu
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data from a previous study (Becerra et al., 1999) was
performed to further support the current findings (see
supplemental data online at http://www.neuron.org/cgi/
content/full/32/5/927/DC1).
As a means of contrasting the effects of the two thermal
stimuli, the 41C data was referenced to the 46C activa-
tions listed in Tables 1 and 2. Activations from the 41C
data found to minimally overlap 46C activations were
listed separately in Tables 1B and 2C. The results focused
on putative reward regions and classic pain circuitry,
though results from the whole brain were reported in Ta-
bles 1 and 2. Individual data for reward and classic pain
circuitry were also reported to show that average effects
were not swayed by a minority of subjects (Table 3).
Throughout this section, each activation was referenced
to the table in which it was listed (i.e., 1.01–3.11).
Subjective Ratings of Pain
Subjects rated their subjective experience of the stimuli
using a verbal analog scale for pain intensity (0 no pain
and 10maximal pain) after each experimental manipula-
tion. Subjects rated their pain as 2.3  0.53 (mean SD)
for the 41C stimuli, and as 7.8  0.53 (mean  SD; n 
8) for the 46C stimuli. A significant difference between
the VAS scores of pain intensity for the two temperatures
was found (p  0.05; Students t test).
fMRI Data
Early and Late Phase Activation in General
The data were found to have a normal distribution. The
mean hemodynamic response to the 41C and 46C
stimuli was multiphasic with two main components. Two
sets of  functions were correlated with the hemody-
namic response (see Experimental Procedures), and
these were used as a two-phase model (early and late,
Figure 1) for each stimulus. Data were tabulated (Tables
1 and 2) and described in the text for the 46C stimulus
and noted with asterisks for overlap with 41C results.
Figure 1. Model for Early and Late Phases and Design Matrix Early and late phase responses that were unique to the
(A) The diagram displays the average time course for the 35C–46C 41C stimulus were tabulated separately (Tables 1B and
experiment (red) and the models for the early (blue) and late (green)
2C). Temporal synchrony of reward and classic painphases. They were obtained from convoluting a standard  function
regions (i.e., activations with waveforms correlating sig-with the first and second half of the stimuli, respectively. The time
nificantly) were also assessed. Individual analysis ofthe stimulus was on is depicted with the gray bars.
(B) Design matrix used for the generalized linear model (GLM) analysis. early and late phase data for classical pain circuitry and
Superimposed on the matrix are the plots of each phase (red). The putative reward regions was performed to confirm that
first derivative of each phase was added to account for time shifts. the multiphasic responses were not the outcome of av-
The analysis was only performed for the phases, not their derivatives.
eraging. The a priori threshold used in these experiments
was p1.7 104 for classic pain and reward structures
and p  7.1  106 (as the Bonferroni threshold) for allproduce a set of quantitative indices for pain, we per-
other structures (see Experimental Procedures).formed fMRI of eight normal subjects receiving two ther-
For the 46C stimulus, Tables 1A and 2A show foci ofmal stimuli (41C and 46C). Though we focused on re-
significantly increased signal for the early and lateward and classic pain circuitry, we examined signals
phases of stimulus presentation in the frontal lobesfrom all regions of the brain. Signal responses were
(early: n  8; late: n  16), parietal lobes (early: n  3;further decomposed into two phases, and quantitative
late: n  8), temporal lobes (early: n  5; late: n  13),indices from this decomposition used to categorize acti-
medial paralimbic regions (early: n  4; late: n  4),vations (Figure 1).
subcortical gray matter (early: n  5; late: n  4), and
the brainstem and cerebellum (early: n  5; late: n  6).
Foci of decreased signal were also observed in subcorti-Results
cal gray matter (early: n  0; late: n  1).
Following the 41C stimulus, foci of increased signalThe fMRI data were analyzed using a generalized linear
model that evaluated early and late responses (see Fig- were observed in a smaller number of regions as noted
in Tables 1A, 1B, 2A, and 2C. Foci were observed in theure 1). In addition, a historic prospective analysis of fMRI
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frontal lobe (early: n  3; late: n  8), the parietal lobe 1.13*, 1.14*), along with the aCG (1.18–1.20) and thala-
mus (1.25, 1.26) (Figure 4).(early: n  0; late: n  1), the temporal lobe (early: n 
3; late: n  1), the medial paralimbic cortices (early: n  In the late phase, the only reward region showing
significant activation was the NAc (2.51) (Table 2, Figure2; late: n  4), subcortical gray structures (early: n  0;
late: n  4), and the brainstem/cerebellum (early: n  3B). For classic pain circuitry, late phase responses in-
cluded the INS (2.24, 2.25), aCG (2.37, 2.38*), somato-1; late: n  3). No foci of decreased signal were noted.
Regions of activation unique to the 41C stimulus (i.e., sensory cortex (2.16, 2.17, 2.19, 2.20), and thalamus
(2.41*, 2.42*). For SI somatosensory cortex, the latewith maxima  1.5 cm from maxima for the 46C stimu-
lus) included foci of activation in the frontal lobe (early: phase was dominant across all four experimental ep-
ochs. It is notable that some regions implicated in then  2; late: n  5), the parietal lobe (early: n  0; late:
n  1), the temporal lobe (early: n  1; late: n  1), the pain response, such as the INS (1.12–1.14* and 2.25,
2.25) and aCG (1.17–1.19 and 2.37*, 2.38*), activated inmedial paralimbic cortices (early: n  1; late: n  1),
subcortical gray structures (early: n  0; late: n  2), both the early and late phases (Figure 4).
The aCG is theorized to be composed of a putativeand the brainstem/cerebellum (early: n  0; late: n  0)
(see Tables 1B and 2C). “cognitive division” and a putative “affective division”
(Devinsky et al., 1995; Bush et al., 2000). The activationAcross the whole brain, the 46C stimulus activated
5515 pixels in the early phase and 8589 in the late phase. localized in the “cognitive division” could be dissected
into three foci in the early phase (1.18–1.20) (Figure 5A,In Figure 2A, we can observe selected brain slices with
activation arising from correlation with the early phase, bottom row) and one focus in the late phase (2.38*). The
one focus present within the “affective division” of thethe late phase, and the overlap of both. The overlap in
Figure 2A amounts to 17% (2049 out of 12055 pixels) aCG appeared during the late phase (2.37) (Figure 5A).
For classic pain circuitry, many studies have shownand is predominantly in the aCG, INS, and cerebellum.
For the 41C stimulus, 1733 pixels were activated in the bilateral activation to a unilateral thermal stimulus
(Coghill et al., 1999; Davis et al., 1998). In the currentearly phase, and 4966 in the late phase, with an overlap
of 9.1% (560 out of 6139 pixels). study, bilateral activation is defined as midline activa-
tion, as well as activation in two foci that mirror eachDissecting this further, for the 41C stimulus, 9.27%
of the total activation to this condition was in the frontal other but are not midline. Evaluation of early or late
phase activations in the aCG indicated early contralat-lobe, 9.77% in the parietal lobe, 21.05% in the temporal
lobe, 43.27% in the paralimbic cortices, 6.35% in the eral and late ipsilateral activations (see Figure 5B).
Synchrony of Activationsubcortical gray matter, and 10.28% in the brainstem/
cerebellum (Figure 2B). For the 46C stimulus, 19.93% Activations for the 46C stimulus that are temporally corre-
lated were identified via a Pearson’s correlation analysisof the total activation was in the frontal lobe, 3.55% in
the parietal lobe, 34.61% in the temporal lobe, 19.87% (see Experimental Procedures). Significant correlations
(p0.0025) were observed for activation in the early phasewas in the paralimbic cortices, 6.45% was in the subcor-
tical gray matter, and 15.58% was in brainstem/cerebel- of some reward structures. Specifically, we observed a
strong correlation between the VS/NAc (1.23), SLEA (1.22),lum (Figure 2B). The ratio for 41C:46C activation was
0.12 for frontal lobe, 0.64 for the parietal lobe, 0.14 for and VT/PAG (1.27), along with the GOb (1.08) (and the
aCG [1.18]) (Figure 6). In contrast, the NAc (2.51), whichtemporal lobe, 0.51 for medial paralimbic cortices, 0.23
for subcortical gray structures, and 0.15 for brainstem/ displayed a negative signal, did not correlate with the form
or phase of signal from these regions.cerebellum. Minimal differences between conditions
were observed in the subcortical gray regions, though In the late phase, highly significant positive correlation
is observed between structures such as SI somatosen-a number of activations only occurred for the 46C stimu-
lus (i.e., ventral striatum/NAc [VS/NAc], NAc, SLEA, VT/ sory cortex (2.17), INS (2.24). These structures, in turn,
displayed significant negative correlation with the NAcPAG) (Figure 3A). Furthermore, foci in the VS/NAc and
NAc had increased and decreased signal respectively. (2.51). Other classic pain regions also show correlation,
namely, the thalamus and aCG. The results indicate thatThese activations were contiguous, with the focus of
increased signal (1.23) extending anteriorly into the NAc, a number of regions classically identified with pain func-
tion show correlated activation during the late phase.and the focus of decreased signal (2.51) extending
through the posterior region of the NAc (Figure 3B). Individual Analysis of Reward and Classic
Pain CircuitrySome subregions, such as the frontal lobe, could be
further subdivided. For instance, the lateral prefrontal Individual activation, presented as the ratio of subjects
with significant signal change, was further evaluatedcortex and inferior prefrontal cortex were found to pro-
duce 3.8 cm3 and 1.2 cm3 of activation in response to the for anatomic specificity, temporal correlation with the
thermal stimulus, and nonoverlap with susceptibility arti-41C stimulus, and 9.81 cm3 and 2.82 cm3 of activation in
response to the 46C stimulus. fact (Breiter et al., 1997; Becerra et al., 1999). In each
individual, areas of interest where deemed activated ifEarly and Late Phase Activation in Reward
and Classic Pain Circuitry their probability values were below a threshold cor-
rected for the number of regions evaluated (p  0.005).With regard to reward regions, early positive signal
change was observed in the SLEA (1.22), VS/NAc (1.23), Of note, some regions traditionally associated with re-
ward and pain function (i.e., the amygdala) were notVT/PAG (1.27), and GOb (1.08) (Table 1, Figures 3A and
3B). Early phase dominance across all four epochs was observed in the analysis of averaged data, but were
included in the individual analysis. These subcorticalnoted for the GOb, while the SLEA only showed this for
the first experimental epoch. For classic pain regions, regions are prone to susceptibility artifact with fMRI,
which may have influenced the average results. Regionsearly response was noted in the INS ipsilaterally (1.12,
Neuron
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Table 1. Statistical Maps of CNS Activation by 46C and 41C Thermal Stimuli in the Early Phase
(A) CNS Activation in Response to the Early Phase
Tal Coordinates
Frontal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.01 GFd (BA 6) R 56 3 0 4.97 6.9  107 2.25
1.02 GFs (BA 6) R 62 15 6 5.28 1.3  107 0.66
1.03 GPrC (BA 6) R 50 12 9 4.75 2.0  106 0.24
1.04 GPrC (BA 6) L 12 40 3 5.13 2.9  107 1.59
1.05 GPrC (BA 4) R 62 15 21 4.86 1.2  106 0.39
1.06 GFi(BA 45) R 6 37 24 5.59 2.2  108 2.70
1.07* GFi(BA 44) L 6 62 6 6.60 4.1 1011 2.46
1.08 GOb(BA 11) R 6 21 33 4.47 7.9  106 0.69
Tal Coordinates
Parietal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.09 GPoC (BA 2) R 18 56 21 4.28 1.9  105 0.36
1.10 LPI (BA 40) R 37 53 30 4.51 6.5  106 0.57
1.11 LPI (BA 40) L 31 62 42 4.13 3.7  105 0.15
Tal Coordinates
Temporal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
Intrasylvian
1.12 INS R 9 34 6 5.41 6.5  108 3.72
1.13* INS L 6 46 9 4.28 1.9  105 0.24
1.14* INS L 18 43 18 4.59 4.6  106 0.36
Lateral
1.15 GTs(BA 22) R 6 56 3 4.49 7.3  106 0.78
1.16 GTS (BA 22) L 12 62 15 6.07 1.3  109 2.13
1.17 GH (BA 36) L 28 31 18 3.78 1.6  104 0.10
Tal Coordinates
Medial Paralimbic Cortices
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.18 aCG (BA 32) R 43 3 3 4.92 8.9  107 1.35
1.19 (BA 32) L 25 6 12 4.17 3.1  105 0.12
1.20 (BA 24) R 34 0 0 5.21 1.9  107 3.51
1.21 pCG (BA 23) L 37 12 27 5.22 1.8  107 0.63
Tal Coordinates
Subcortical Gray Structures
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.22 SLEA R 0 18 6 5.75 9.2  109 0.78
1.23 VS/NAc L 3 12 15 4.31 1.6  105 0.90
1.24 PU R 9 9 9 4.64 3.6  106 0.93
1.25 Thal R 3 9 15 6.10 1.1  109 0.81
1.26 Thal L 9 12 18 3.85 1.2  104 0.18
Tal Coordinates
BrainStem/Cerebellum
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.27 VT R 3 0 21 5.70 1.2  108 1.86
1.28 BS L 25 15 21 6.01 1.9  109 0.75
1.29 Cereb L 25 31 42 4.61 4.2  106 0.78
1.30 Cereb R 40 28 51 4.25 2.2  105 0.12
1.31* Cereb L 21 25 54 6.17 7.0 1010 0.90
(B) CNS Activation in Response to the Early Phase only in 35C–41C
Tal Coordinates
Frontal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.32 GFd(BA 8) R 37 3 39 4.23 2.4  105 0.21
1.33 GPrC (BA6) R 40 46 6 4.31 1.7  105 0.39
Tal Coordinates
Temporal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
Lateral
1.34 GTs (BA 22) R 21 53 48 4.21 9.9  106 0.66
(continued)
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Table 1. Continued
Tal Coordinates
Medial Paralimbic Cortices
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
1.34 aCG (BA32) R 31 0 30 4.67 3.1  106 1.08
(A) Increase in signal to early phase 46C. The table lists structures with a positive early signal change to the 46C stimuli.
(B) Increase in signal to early phase 41C. The table lists structures with an early response to the 41C stimuli. The table includes structures
only activated by 41C stimuli; other regions that were observed to activate by both the 46C and 41C stimuli are indicated in Table 1A by
an asterisk (see Key).
Key: “ID” is the specific reference number for each activation. “Region” identifies the structure on the basis of subcortical location, lobe,
gyrus (if medial paralimbic cortex), or placement in the brainstem. Starred ID indicates that activation has been observed (meeting the a priori
or post hoc statistical thresholds) in the 41C experiment. Each asterisk represents a single activation in the 41C experiment. “BA” indicates
the probable Brodmann area, for cortical areas, of activation in the group average data as determined from the atlas of Talairach and Tournoux
(1988). Activation laterality (Lat) is denoted by R and L; “Tal Coordinates” denotes the Talairach coordinates using the atlas of Talairach and
Tournoux (1988) of the voxel with the maximum p value for the statistical maps.
Coordinates are expressed in mm from the anterior commissure: S/I, superior (	)/inferior (); R/L, right (	)/left (); A/P, anterior (	)/posterior
(). “P Value” indicates the maximum p value for each activated cluster of voxels on the unsmoothed statistical map and “cm3” indicates the
volume of activation. Regions are listed in this table if p  1.7  104.
BS, Brainstem; aCG, anterior cingulate gyrus; Cereb, cerebellum; INS, insula; NAc, nucleus accumbens; pCG, posterior cingulate gyrus;
PU, putamen; SLEA, sublenticular extented amygdala; SI, primary somatosensory cortex; Thal, thalamus; VS/Nac, ventral striatum/nucleus
accumbens; VT/PAG, ventral tegmentum/periaqueductal gray. See Talairach and Tournoux (1998) for other abbreviations.
implicated in the descending pain control (PAG) are stimulus for the integral of the 46C waveform. Even with
this progressive decrement in step size for the integrallisted with putative reward regions due to the overlap
of activation between the PAG and VT. of the 46C waveform, each step is still larger than any
step for the integral of the 41C waveform (i.e., 12, 9, 7,In the early phase, a majority of subjects showed acti-
vation in the SLEA (6/8), VS/NAc (7/8), VT/PAG (7/8), and and 5 units for each of the successive 46C stimuli).
These waveforms, (Figure 7A) further show that the 46Cthe GOb (7/8) (Table 3A). In the late phase, these same
regions did not produce activation in the majority of stimulus, relative to the 41C stimulus, induces a BOLD
response that reaches a higher magnitude and peak.subjects, though the NAc and amygdala showed a ma-
jority of individuals with salient activation (6/8 and 7/8, The 46C waveform also reaches this peak earlier than
does the waveform for the 41C stimulus. This is consis-respectively) (Table 3B).
Individual analysis of the early phase for SI (3.01) tent with our previous data (see Becerra et al., 1999).
showed a minority of subjects having salient activation
(3/8), even when the threshold was reduced to p 0.05. Historic Prospective Analysis of Activation
in Reward CircuitryIn the late phase, all the subjects (8/8) produced signifi-
cant positive activation in the contralateral SI region. In a previous study (Becerra et al., 1999), we used stan-
dard nonparametric statistics (Kolmogorov-SmirnovThe thalamus (3.02) was observed to activate in five of
eight subjects in the early phase, while seven of eight [KS]) with the same experimental paradigm to demon-
strate low level activation in the NAc, the amygdala, andsubjects showed activation in the late phase. The INS
(3.03) consistently activated in both phases (8/8 and the VT/PAG. Reanalysis of this data using the same GLM
approach used above, shows foci of decreased signal8/8). The aCG (3.05) activated in seven of eight for the
early phase and eight of eight for the late phase. in the NAc and foci of increased signal in the SLEA, VS/
NAc, VT/PAG, and GOb that meet the same correctedCorrelation of Pain Intensity with fMRI Signal
Change in Reward and Classic Pain Regions statistical thresholds (p  1.7  104) (see Table S1 at
http://www.neuron.org/cgi/content/full/32/5/927/DC1).Since pain intensity may correlate with the level of brain
activation in response to it (see Price, 2000b), we per- The only area that was not observed in this reanalysis
was the dorsal PAG.formed a correlation of pain intensity (VAS) with fMRI
amplitude in classic pain regions (SI, INS, thalamus,
aCG). There was a strong correlation observed for clas- Discussion
sic pain regions such as the aCG (2.37, 2.38*) and the
INS (2.24, 2.25) (r  0.5). Such an analysis could not be Overview
In this study, a cohort of male subjects underwent ther-performed for putative reward regions (NAc, SLEA, VT/
PAG, and amygdala) since reward regions did not show mal stimulation at 41C and 46C during fMRI and rated
their experience using VAS scales. In comparing theactivation in response to the 41C stimulus.
Adaptation of CNS Waveform Response two thermal stimuli, a number of salient features were
observed. First, activations observed following the 41COver the course of four administrations, the BOLD re-
sponse of the 46C stimulus shows adaptation in its stimulus were mostly separable from the activations ob-
served for the 46C stimulus. There were some activa-amplitude response, while the BOLD response to the
41C stimulus does not (Figure 7A, epochs 1–4). This is tions that overlapped between the two conditions, which
suggests that the brain’s representation of an aversivefurther seen in an “integral” display for both waveforms
(Figure 7B). The steps in the integral of the 41C wave- stimulus (i.e., the 46C stimulus) may be mediated both
by an increase of activation in regions that assess sen-form are of equal size (4.5  0.23; mean  SD), while
there is a decrease in the step size with each successive sory input, along with a suppression of activation in
Neuron
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Table 2. Statistical Maps of CNS Activation by 46C and 41C Thermal Stimuli in the Late Phase
(A) CNS Activation in Response to the Late Phase
Tal Coordinates
Frontal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.01* GFs (BA 8) L 46 15 42 3.91 9.5  105 0.09
2.02* GFs (BA 6) R 50 12 9 5.15 2.7  107 1.14
2.03 GFs (BA 6) L 40 18 3 5.28 1.3  107 0.36
2.04 GFd (BA 6) L 53 6 3 4.63 3.7  106 0.87
2.05 GPrC (BA 6) R 28 53 3 5.26 1.5  107 0.84
2.06 GPrC (BA 4) R 53 25 12 4.40 1.1  105 0.39
2.07 GPrC (BA 4) L 62 28 12 4.03 5.7  105 0.09
2.08 GFm (BA 9/46) L 21 37 33 4.36 1.3  105 0.33
2.09 GFi (BA 47) R 6 40 39 5.28 1.3  107 2.13
2.10 GFi (BA 46) R 21 28 39 4.18 3.0  105 0.30
2.11 GFi (BA 45) L 6 46 36 4.74 2.2  106 0.36
2.12 GFi (BA 45) R 18 43 27 5.87 4.4  109 2.55
2.13* GFi (BA 45) L 12 34 24 4.83 1.4  106 0.60
2.14 GFi (BA 44) R 6 50 15 3.95 7.9  105 0.45
2.15 GFi (BA 44) L 12 43 6 5.33 1.0  107 0.36
Tal Coordinates
Parietal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.16 GPoC (BA 43) R 18 53 12 4.26 2.1  105 0.18
2.17 GPoC (BA 2) R 62 28 30 4.70 2.6  106 0.39
2.18 LPs (BA 7) L 46 25 60 3.95 7.8  105 0.06
2.19 LPi (BA 40) R 34 53 24 4.23 2.4  105 0.15
2.20 LPi (BA 40) L 28 65 27 5.59 2.3  108 0.66
2.21 LPi (BA 40) R 28 53 36 4.29 1.8  105 0.45
2.22 LPi (BA 40) L 28 40 48 4.22 2.5  105 0.12
2.23 PCu (BA 7) R 46 9 42 4.64 3.5  106 1.11
Tal Coordinates
Temporal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
Intrasylvian
2.24 INS R 12 31 18 4.97 6.9  107 2.01
2.25 INS R 9 34 6 5.41 6.5  108 2.34
Lateral
2.26 GTs (BA 2) L 3 65 15 5.28 1.3  107 2.46
2.27 GTm (BA 21) L 15 50 12 5.01 5.5  107 0.45
2.28 GTm (BA 21) L 3 56 45 4.86 1.2  106 0.45
2.29 GTm (BA 21) L 0 65 48 4.10 4.2  105 0.15
2.30 GTm (BA 21) R 6 50 51 4.59 4.4  106 0.54
2.31 GTm (BA 21) L 6 46 54 4.01 6.1  105 0.24
2.32 GTi (BA 20) L 9 50 30 3.71 2.1  105 0.15
2.33 GF (BA 20) R 31 28 15 4.74 2.2  106 0.27
2.34 GF (BA 37) L 6 40 42 4.00 6.2  105 0.21
2.35 GF (BA 37) L 9 34 57 4.97 6.7  107 1.23
2.36 GH (BA 28) L 25 31 6 5.39 7.2  108 0.51
Tal Coordinates
Medial Paralimbic Cortices
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.37 aCG (BA 32) R 0 9 39 3.93 8.5  105 0.09
2.38* aCG (BA 24) L 43 0 9 4.59 4.6  106 2.55
2.39 pCG (BA 23) L 28 3 27 4.06 5.0  105 0.18
2.40 pCG (BA 31) L 12 6 60 4.21 2.5  105 0.96
Tal Coordinates
Subcortical Gray Structures
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.41* Thal R 6 6 18 4.00 4.7  105 0.06
2.42* Thal L 9 15 18 4.15 3.3  105 0.06
2.43 NC L 15 18 0 4.30 1.7  105 0.30
(continued)
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Table 2. Continued
Tal Coordinates
BrainStem/Cerebellum
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.44 GP L 3 21 18 4.52 6.4  106 0.45
2.45 BS R 21 3 21 5.35 8.9  108 0.18
2.46* Cereb R 25 25 45 5.69 1.3  108 1.95
2.47 Cereb L 40 28 45 4.83 1.4  106 0.36
2.48* Cereb R 18 12 48 4.91 9.1  107 0.60
2.49 Cereb L 31 28 54 4.17 3.1  105 0.27
2.50* Cereb L 12 18 54 5.60 2.2  108 3.06
(B) CNS Activation in Response to the Late Phase: Signal Decreases
Tal Coordinates
Subcortical Gray Structures
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.51 NAc L 5 15 6 3.83 1.3  104 0.27
(C) CNS Activation in Response to the Late Phase only in 35–41C
Tal Coordinates
Frontal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.52 GFs (BA 8) L 50 6 30 4.04 5.4  105 0.21
2.53 GFs (BA 8) R 46 3 21 4.33 1.5  105 0.78
2.54 GPrC (BA 4) L 37 43 12 4.64 3.5  106 0.57
2.55 GFm (BA 9) L 34 37 30 4.28 1.9  105 0.72
2.56 GFm (BA 8) L 37 50 12 4.10 4.2  105 0.45
Tal Coordinates
Temporal Lobe
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.57 GTm (BA 21) R 34 40 3 3.93 8.6  105 0.12
Tal Coordinates
Medial Paralimbic Cortices
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.58 aCG (BA 32) R 28 0 30 4.75 2.1  106 3.48
Tal Coordinates
Subcortical Gray Structures
ID Region (BA) Lat S-I R-L A-P Z score P value Volume (cm3)
2.59 NC R 18 12 9 3.91 9.5  105 0.15
2.60 P R 3 9 33 4.70 2.7  106 1.74
(A) Increase in signal to late phase 46C.
(B) Decrease in signal to late phase 46C.
(C) Increase in signal to late phase 41C.
The table lists structures with an early response to the 41C stimuli. The table shows structures only activated by 41C stimuli; other regions
that were observed to activate by both the 46C and 41C stimuli are indicated in Table 2A by an asterisk (see Key for Table 1).
other regions. Second, for both analyses, the volume of potentially reflect functional divisions within a structure
(e.g., aCG, see Regions Associated with Attentionalwhole brain activation following the 41C stimulus was
less than 50% of the volume for the 46C stimulus (see Functions). The differences in magnitude, peak, and time
of peak between the 41C and 46C stimuli may be aFigure 2B). Third, the mean hemodynamic response for
the two temperatures was very different in the first two signature of aversive stimuli; alternatively, the alteration
of these parameters in time from the first two epochsepochs, but tended to converge for the third and fourth
stimulus epochs (Figure 7). Fourth, putative reward re- to the last two epochs may be important in this regard.
Sixth, the majority of subcortical and putative rewardgions were observed following the 46C (see below),
but not the 41C stimulus. Regions such as the NAc regions had predominantly early phase responses,
which suggests that these regions may indeed haveevidenced more than one focus of activation that were
segregated by their temporal phase of activation. Some primary evaluative functions with regard to informational
dimensions (Breiter and Rosen, 1999).regions such as the SLEA had a very strong early compo-
nent (i.e., signal peak) during the first pain epoch, while Another region associated with reward, the VS/NAc,
showed increased signal in its anterior extent during theother regions showed a decrement in signal across pain
epochs suggesting a process of habituation (Becerra et early phase, while another posterior focus displayed
decreased signal during the late phase of the neuralal., 1999; Breiter et al., 1996b). Fifth, it was clear that
early and late phases of the waveforms dissected larger response. This decreased signal response stands in
contrast to the positive signal change reported in theactivations into groups of smaller clusters for both tem-
peratures. For some structures, these temporal divisions NAc after cocaine or morphine administration in other
Neuron
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Table 3. Individual Analysis of Early and Late CNS Activation in Reward and Classic Pain Regions by the 46C stimuli
(A) Individual Activation in Classic Pain and Reward Circuity: Positive Activation
CLASSIC PAIN CIRCUITRY
EARLY
1 2 3 4 5 6 7 8 TOTAL
3.01 SI 0 0 1 1 1 0 0 0 3
3.02 Thal 1 1 1 1 1 0 1 1 5
3.03 INS 1 1 1 1 1 1 1 1 8
3.04 Cereb 1 1 1 1 1 1 0 1 7
3.05 aCG 1 1 1 1 1 1 1 0 7
LATE
1 2 3 4 5 6 7 8 TOTAL
3.01 SI 1 1 1 1 1 1 1 1 8
3.02 Thal 1 1 1 1 0 1 1 1 7
3.03 INS 1 1 1 1 1 1 1 1 8
3.04 Cereb 1 1 1 1 1 1 1 1 8
3.05 aCG 1 1 1 1 1 1 1 1 8
REWARD CIRCUITRY
EARLY
1 2 3 4 5 6 7 8 TOTAL
3.06 SLEA 1 1 1 1 0 0 1 1 6
3.07 VS/NAc 1 1 1 1 1 0 1 1 7
3.08 VT/PAG 1 1 1 1 1 1 0 1 7
3.09 GOb 1 1 1 1 1 0 1 1 7
LATE
1 2 3 4 5 6 7 8 TOTAL
3.06 SLEA 0 0 0 0 0 0 0 0 0
3.07 VS/NAc 1 0 1 0 0 1 0 0 3
3.08 VT/PAG 1 1 0 1 0 1 0 0 4
3.09 GOb 0 1 1 0 0 0 1 0 3
(B) Individual Activation in Classic Pain and Reward Circuitry: Negative Activation
EARLY
1 2 3 4 5 6 7 8 TOTAL
3.10 NAc 0 0 0 0 0 1 0 0 1
3.11 Amygdala 0 0 1 0 0 0 0 0 1
LATE
1 2 3 4 5 6 7 8 TOTAL
3.10 NAc 0 1 1 1 1 1 1 0 6
3.11 Amygdala 1 1 1 1 0 1 1 1 7
(A) Shows individual positively correlated activation in sensory, attention and descending analgesic circuitry and in putative reward regions.
Note that 8/8 subjects show activation in the SI region and 7/8 in the thalamus during the late phase, 6–7/8 show early activation in putative
reward circuitry (SLEA, VT/PAG/GOb). Late negatively correlated activation (B) is observed in 6–7/8 subjects in the NAc and amygdala.
See key for Table 1. Amygdala activation was inspected individually. Although significant activation is observed in several subjects, the
aggregate data for the amygdala does not reach significance and hence does not have a Table ID (see text).
studies (Breiter et al., 1997, 2000). These data suggest is that differences in capillary beds (Posse et al., 1997)
across brain structures produce signal changes withdistinct sets of brain regions are activated with different
temporal characteristics by pain stimuli. different amplitudes/delays. However, delayed activa-
tion of the same structure in different hemispheres was
observed, which does not support the model of early andRelationship of Structure to Function
Biphasic Response to Noxious Heat late phase activation based on perfusion differences.
A second possibility is that there is a temporal differ-Two hemodynamic responses were observed. This re-
sult mirrors a previous study showing two distinct waves ence in the CNS response to unmyelinated C fibers ver-
sus thinly myelinated A
 pain fibers due to differencesof activation following noxious thermal stimulation (Be-
cerra et al., 1999). Others have also detected a biphasic in conduction velocities (Treede et al., 1995). This dispar-
ity of conduction velocity would not, however, explainresponse to pain and either interpreted it differently
(Apkarian et al., 1999) or not directly interpreted it (Kern the delay to onset of the first phase of the BOLD re-
sponse to noxious heat.et al., 1998). One simple interpretation of the two phases
Pain and Reward Circuitry in Humans
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Figure 2. Comparison of 41C and 46 Activations
(A) Comparison of 35C–41C versus 35C–46C. Statistical maps. The mosaic displays coronal slices in which F test statistical maps for
35C–41C and 35C–46C have been superimposed. The 35C–41C map has been color-coded with blue-light blue, the 35C–46C map with
red-yellow. Any overlap is displayed in white. The anterior-posterior coordinate is indicated in each slice. Structures relevant to pain and
reward function have been marked with circles. See Table 1 key for abbreviations.
(B) Comparison of 35C–41C versus 35C–46C. Volumes of activation. Volumes of activation by gross anatomy for the 35C–41C (light gray)
and 35C–46C (dark gray) experiments are displayed. For both analyses, a threshold of 1.7  104 was used. See Experimental Procedures.
A further possibility is that the two phases correspond correspond to the conscious CNS response to pain,
while structures activated during the early phase might beto distinct components of the response to pain. The
segregation of a number of putative reward structures associated with nonconscious protective and descending
mechanisms. Alternatively, the early response of the SLEAin the early phase and a set of classic pain structures
in the late phase is consistent with this hypothesis. Fol- (see below), might reflect the valuation of the painful stimu-
lus and be part of a subsystem involved with processinglowing the temporal course of subjective ratings for
aversive thermal stimuli (Becerra et al., 1999), it is possi- different dimensions of information than regions show-
ing late responses (see Breiter and Rosen, 1999).ble that structures activated during the late phase may
Neuron
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Figure 3. CNS Regions Displaying Differences in Early and Late Activation in Putative Reward Circuits
(A) Activation in putative reward regions. Representative coronal slices (as in Figure 2A) of reward structures GOb, SLEA, VS/NAc, and VT/
PAG are segregated into early (left panels) and late (middle left panels) phases following the 46C stimulus. The statistical maps are overlaid
Pain and Reward Circuitry in Humans
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Figure 4. Activation in Classic Pain Regions
Representative coronal slices (as in Figure 2A) of classic pain structures SI, aCG, Thal, and INS. Activation in these regions is segregated
into early (left panels) and late (middle left panels) phases following the 46C stimulus. The middle right panel shows the overlap map of early
(yellow/red) and late (blue) phases, with overlap of activation indicated in white. Corresponding time courses (percent signal change versus
time) for each structure are displayed in the right panels. Note that the time course on SI does not show significant activation in the early phase.
The INS, however, displays significant activation across both phases.
See Table 1 key for abbreviations.
Activation in Putative Reward Circuitry suggesting a link between the NAc and pain processing
(Altier and Stewart, 1997; Gear et al., 1999). Over time,The results show a number of salient findings regarding
CNS activation of putative reward circuitry following the NAc has most strongly been linked to reward func-
tions (Wise, 1978; Olds, 1982; Wise and Bozarth, 1987;thermal stimuli.
Nucleus Accumbens/Ventral Striatum Carlezon and Wise, 1996). Multiple human studies using
drug (Breiter et al., 1997, 2000; Stein et al., 1998) orPrevious functional imaging studies of thermal pain have
shown activation in other basal ganglia regions including monetary reward (Breiter et al., 1996a, 2001; Elliott et
al., 2000; Knutson et al., 2000) have also strongly impli-the putamen and lenticular nucleus (Jones et al., 1991;
Svensson et al., 1997; Coghill et al., 1999), but not specif- cated the NAc in reward functions, including that of
probability assessment (Breiter and Rosen, 1999).ically in the NAc or VS/NAc. Recent work, though, indi-
cates that there is significant binding of endogenous We observed a complex pattern of responses in the
NAc. During the early phase, increased signal was ob-opioids in the human NAc during painful stimuli (Zubieta
et al., 2001). This data is consistent with animal research served in the ventral striatum that encompassed the
in pseudocolor on corresponding gray scale average structural maps. The middle right panel shows the overlap map of early (yellow/red) and
late (blue) phases, with overlap of activation indicated in white. Corresponding time courses (percent signal change versus time) for each structure
are displayed in the right panels.
(B) Increased and decreased signal in the VS/NAc and PAG. The figure shows statistical maps indicating early signal increases (blue) and late
signal decreases in these structures (magenta). Corresponding time courses for each activation (circled) are presented. The left panels show a
statistical map on a sagittal section through the brain indicating early and late activation in the pontine tegmentum around the aqueduct. The right
panels show an early signal increase in the VS/NAc and a late signal decrease in the NAc. See Table 1 key for abbreviations.
The anterior-posterior coordinate in mm for each slice (top left-hand corner of overlap slices) is relative to the anterior commissure in the Talairach
Atlas. Activated pixels were thresholded at p  1.7  104.
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Figure 5. Early and Late Activation in the Anterior Cingulate Cortex
(A) Sagittal slices across the midline depict activation in the anterior cingulate cortex in the early (top), and late (bottom) phases. The thick
white vertical line runs through the anterior commissure, the thin white line through the genu of the corpus callosum. Early phase activation
corresponds to the putative “cognitive” area of the cingulate gyrus, while the late phase activations lie in both the putative “cognitive” area
and the putative “affective” area. The early activation (1.19) in Table 1A has been projected to the midline since its location lay outside of the
slices depicted in the figure.
(B) Representative time courses of the anterior cingulate contralateral (solid curve) and ipsilateral (dashed curve) to the stimulus indicating
hemispheric delay of signal change within the structure. Only the first stimulus epoch is shown in an expanded time scale to emphasize
relative delays. Gray areas indicate when the stimulus achieved target temperature (46C). There is a delay of about 10 s between responses
in these two foci.
anterior extent of the left NAc (Figure 3B). During the tomical data indicate that the NAc can be parcellated
into a core and shell region, which may relate to functionallate phase, decreased signal was noted in the left NAc
posterior to the focus of increased signal in the VS/NAc. differences (Reynolds and Berridge, 2001; Cardinal et al.,
2001). One possible interpretation of a functional parti-Decreased signal like that observed in the late phase
has also been seen in a post hoc analysis of previous tion in the NAc in the current data is that the early phase
activation reflects an anticipatory or evaluative functionimaging data (Borsook et al., 2000) and other fMRI studies
using aversive images (Taylor et al., 2000), suggesting that (Breiter and Rosen, 1999; Breiter et al., 2001), while the
late phase activation reflects a response to the stimulusthe sign of the response (i.e., positive or negative) in
this structure may be linked to the rewarding versus that may include a potentiometer read-out of the stimu-
lus valence or analgesic response (Gear et al., 1999;aversive nature of the stimulus. During the early phase
activation in the VS/NAc, other putative reward regions, Zubieta et al., 2001).
The negative signal change observed in the NAc dur-including the SLEA, VT, and GOb, were also activated.
In contrast, during the late phase negative signal change ing the late phase of aversive thermal stimulation is
opposite to the valence of NAc signal change observedin the posterior section of the NAc, significant activation
was also observed in “classic” pain regions such as the in healthy volunteers receiving low-dose morphine
(Breiter et al., 2000). These counterposed observationsthalamus, S1, insula, and the aCG. This temporal division
between anterior and posterior foci in the NAc suggests in the NAc may have implications for clinical phenomena
such as the relatively low associations between acutea functional division in this structure.
An increasing body of literature suggests that there pain, opiate analgesia, and subsequent opioid addiction
(Porter and Jick, 1980). The decreased signal we ob-are structural and functional divisions in the NAc. Ana-
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Figure 6. Synchronous Positive Activation
Schematic depicting degree of correlation
among structures showing an early response
(left) and structures showing a late response
(right). The color of the lines represent the
degree of correlation (Pearson correlation
factor r). Putative reward structures are indi-
cated in green and classic pain structures are
indicated in yellow. See text. See key in Table
1 for a list of abbreviations.
served in the NAc during the late phase parallels the nicotine, and phencyclidine arises from trans-synaptic,
slow responsivity due to inhibition of inhibitory mediumresults of other studies involving animal behavior (White
and Wang, 1986; Lee et al., 1998), and pharmacological spiny neurons in the NAc (Carlezon and Wise, 1996), in
which case the sign of the BOLD signal from the NAcmanipulation with D1 or D2 dopamine agonists (O’Don-
nell and Grace, 1996). Emerging data suggest that might not reflect, in a simple fashion, the valence of the
motivationally salient stimulus.NMDA receptors in the NAc are also connected to re-
ward functions (Carlezon and Wise, 1996), such that In our study, GOb and VT activation occurred prior to
signal decrease in the NAc. It is possible that negativealtered glutamatergic input from cortical and limbic
structures relating to reward magnitude may directly feedback from the GOb to the NAc (Carr and Sesack,
2000) may participate in producing the observed de-affect NAc neural function or modulate dopamine levels
therein (Hauber et al., 2000). These studies argue for crease in NAc signal.
Sublenticular Extended Amygdalaa complex relationship between dopamine and other
neurotransmitter systems structuring NAc function in of the Basal Forebrain
In this study, positive signal change in the SLEA was rapid,response to motivationally salient stimuli. Indeed, it has
been hypothesized that the common mechanism of re- occurring in the early phase and prior to the peak activation
of other structures such as the primary somatosensorywarding effects for amphetamine, cocaine, morphine,
Figure 7. Comparisons of Responses to 35C–41C and 35C–46C
(A) Amplitudes. The response to the four stimuli for the 35C–41C (blue) and 35C–46C (red) experiments have been divided into two panels
for clarity. The vertical arrows indicate the relative change in amplitude of the early and late phases when the temperature of the experiments
is changed. Note that the early phase seems to experience a larger change than the late phase, especially during the first two stimuli. As
indicated in the right panel of Figure 7A, the last two stimuli for both temperatures seem to have similar sizes. This indicates a significant
attenuation of the response to the 35C–46C stimulus over time.
(B) Integrals. The panel displays the temporal integral of the time courses displayed in Figure 7A. Note that each step marked by the horizontal
lines corresponds to the area under the response to each stimulus. For the 35C–46C stimuli, the steps monotonically decrease in size, while
those for the 35C–41C maintain a constant value. Such an analysis allows for quantifying the attenuation of responses with time observed
in Figure 7A.
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cortex. One electrophysiology experiment has directly and Rosen, 1999), category (Green and Rachlin, 1991;
shown SLEA responses to aversive stimuli (Bernard et Shizgal and Conover, 1996), location (Price, 2000a), or
al., 1992), though it is more commonly discussed with valence (Borsook et al., 2000). The early processing of
regard to reward evaluation (Shizgal, 1999), based on some informational dimensions might then be linked to
its likely role in brain stimulation reward effects (Arvani- later information processing in classic pain regions.
togiannis et al., 1996) and supported by fMRI studies Such motivationally salient assessments are important
(Breiter et al., 1997, 2000). In the current study, the bilateral to an organism’s survival; it has been postulated that
activation of the SLEA supports its hypothesized role they may be independent of and precede perceptual/
in processing dimensions of motivationally salient data cognitive aspects of an organism’s response to a stimu-
such as event intensity or worth (Shizgal, 1999; Breiter lus (Zajonc, 1980). This hypothesis fits well with our
and Rosen, 1999), which may be assessed across a observation that many putative reward structures are
continuum of aversive to pleasurable outcomes. among the earliest responders to noxious thermal stim-
Amygdala uli, respond in a primarily synchronous fashion (excep-
Like the NAc, the amygdala has been implicated in both ting the focus of negative signal change in the NAc),
processing of emotional information (see Breiter et al., and do not produce activation that correlates with pain
1996b; Gallagher and Chiba, 1996) along with pro- intensity (as measured by VAS scores).
cessing of pain and analgesia information (Bernard and
Besson, 1990; Manning, 1998). Previous functional im- Activation in Classic Pain Circuitry
aging studies of pain have also reported decreased sig- In addition to activation in putative reward circuitry, this
nal in the amygdala following thermal pain (Derbyshire study observed a number of distinct signal changes in
et al., 1997; Becerra et al., 1999). Our results for the classic pain circuitry, including regions implicated with
amygdala show similar effects in the individual data attentional, somatosensory, and descending analgesia
(Table 3B), although not in the average data, potentially functions (Iadarola et al., 1998; Becerra et al., 1999).
relating to susceptibility effects confounding the averag- Regions Associated with Attentional Functions
ing of data from the medial temporal region (Merboldt The aCG has been interpreted to be involved in attention
et al., 2001). and planning (Devinsky et al., 1995; Tsujimoto et al.,
Ventral Tegmentum and Frontal Lobe 2000), processing of pain unpleasantness (Rainville et
Dopaminergic Projections al., 1997; Hutchison et al., 1999), processing of reward
Both human (Serratrice and Michel, 1999) and animal information (Breiter et al., 1997; Knutson et al., 2000;
(Pay and Barasi, 1982; Morgan and Franklin, 1990) re- Elliott et al., 2000), and evaluation of emotional conflict
search suggests that the dopaminergic system is impor- (Botvinick et al., 1999). A general segregation scheme
tant in processing nociceptive information. In the current for the anterior cingulate gyrus has been proposed from
study, significant activation was seen within the VT, cognitive neuroscience studies, dividing a rostral/ven-
along with the neighboring PAG. Given the sensitivity tral “affective division” from a dorsal “cognitive division”
of the 1.5 T magnet and the fact that the study was of BA 24 and 32 (Vogt et al., 1998; Devinsky et al., 1995;
not cardiac gated, the specificity of such anatomical
Bush et al., 2000). In the current study, activation in the
distinctions cannot be assessed. The VT/PAG was acti-
aCG appeared to have at least two temporal profiles
vated in the early phase, synchronous with other puta-
that were distributed in both hemispheres (Figure 5A).
tive reward regions (i.e., GOb, SLEA, and VS/NAc) and
Bilateral aCG activation has been previously reportedsome forebrain structures. Dopaminergic projections
(Coghill et al., 1999; Kwan et al., 2000). The currentextend from the VT to the SLEA, GOb, and NAc. The
findings extend the preceding studies by documentingpresence of significant activation in all of these intercon-
that activation in the putative “affective division” of thenected regions following noxious heat supports a con-
aCG only occurred during the late phase of the aversivetention that the dopaminergic system may be active
stimulus, while activation in the “cognitive division” wasduring the processing of aversive stimuli (see Haber and
observed in both phases.Fudge, 1997; Berridge and Robinson, 1998).
Regions Associated with SomatosensoryRole of Reward Circuitry in CNS Response to Pain
FunctionsThere are a number of possible hypotheses for the role of
In putative somatosensory structures, significant activa-putative reward circuitry in processing pain-associated
tion was observed in the contralateral SI region duringinformation. One role is that these regions have a direct
the late phase in all eight subjects, but not during thefunction in nociception. Recent animal research sug-
early phase. Somatosensory cortex (SI) has been impli-gests that the NAc may be important in descending
cated in the processing of sensory stimuli location, in-analgesia (Gear et al., 1999; Zubieta et al., 2001) and
cluding painful stimuli (Bushnell et al., 1999; Hofbauerthat the amygdala may have a direct role in processing
et al., 2001). Similarly, the thalamus, known to havepainful information (Manning, 1998). A second hypothet-
direct projections to SI, shows lower magnitude activa-ical role is that putative reward regions could receive
tion in the early phase than in the late phase. In contrastdirect or indirect signals from afferent pain systems and
to activation observed in the SI cortex and the thalamus,modulate the response of other regions to the signal
significant insula activation was observed during both(Franklin, 1989; Hutchison et al., 1999; Fields, 2000). A
early and late phases.third possible role is that putative reward circuitry is
Regions Associated with Descending Analgesiaimportant in interpreting information regarding the aver-
In this study, we observed a complex pattern of signalsive nature of pain in terms of dimensions such as rate
change in the PAG, similar to that observed in the NAc(Herrnstein, 1961; Gallistel, 1990), delay (Mazur, 1986),
intensity and amount (Shizgal, 1999), incidence (Breiter (Figure 3B). The PAG has been interpreted to be a major
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component of a descending analgesic network that hypothesized to elicit analgesia (Hardy, 1985) and has
been interpreted to exert a direct influence on the electri-modulates nociceptive transmission from the periphery
(Basbaum and Fields, 1984; Fields et al., 1991; Dubner cal activity of midbrain neurons for this effect (Hardy
and Haigler, 1985). Activation in the lateral prefrontaland Ren, 1999). Other neuroimaging studies have also
observed midbrain activation in a region approximating cortex has been noted across a number of human neu-
roimaging studies of experimentally induced pain (Hsiehthe PAG following thermal pain (Casey et al., 1994; Der-
byshire et al., 1997). Along with pain modulation, the et al., 1995; Vogt et al., 1996; Svensson et al., 1997; Paulson
et al., 1998; Derbyshire et al., 1999). These observationsPAG has also been implicated in reward function (Milia-
ressis and Malette, 1987; Boye and Rompre, 1996; contrast with studies reporting lateral prefrontal cortex
activation to rewarding and nonaversive stimuli (Robert-Breiter et al., 2000). The PAG not only receives afferent
inputs from caudal structures such as brainstem nuclei son, 1989; Watanabe, 1998).
In similar fashion to the lateral prefrontal cortex obser-and the spinal cord (Mantyh, 1982; Harmann et al., 1988)
but also receives inputs form cortical structures (e.g., vations, activation of inferior prefrontal cortex (i.e., GOb)
in this study also produced a 2-fold increase in activatedfrontal and insular cortices) and deep brain structures
(e.g., amygdala and hypothalamus). In turn, it sends both tissue between the 46C (2.82 cm3 ) and the 41C (1.20
cm3 ) stimuli. These data are consistent with the observa-descending (e.g., medullary raphe magnus and the superfi-
cial laminae of the spinal cord) and ascending projec- tions that GOb neurons in the rat (Schoenbaum et
al., 1998) and the monkey (Rolls, 1999; Tremblay andtions (e.g., intralaminar nuclei). It appears well posi-
tioned for early response and integration of afferent Schultz, 1999) fire during the anticipation and experi-
ence of both positive and negative outcomes. Humannoxious stimuli or for processing emotional responses
to aversive stimuli. In this regard, it is salient that activa- neuroimaging has primarily reported GOb activation in
response to rewarding stimuli (Breiter et al., 1997, 2001;tion in the PAG is strongly correlated with the SLEA and
the GOb, both classic reward structures. Knutson et al., 2000; Elliott et al., 2000). Indeed, the GOb
has afferent and efferent connections with other reward-It is intriguing that recent work has reported PAG
neuronal involvment in both the inhibition and facilitation related regions, including the NAc and VT (Heimer et al.,
1997). Some studies of GOb function implicate it in theof withdrawal responses to noxious heat (Heinricher et
al., 1987). In the present study, a focus of early phase process of changing or adapting expectancies on the
basis of experience (Bechara et al., 1998; Rolls, 1999).signal increase and a focus of late phase signal decrease
were confluent within the PAG. These foci may reflect For this study, the observation of increased GOb activa-
tion between the two thermal conditions suggests thatcomponents of inhibitory and facilitatory activity within
the structure. Offline studies of VAS ratings of pain show this region may also be involved with the same assess-
ment of motivationally salient information, in particulara time course of VAS ratings, whereby the highest rat-
ings of pain occur during the second half of a 25 s painful strongly aversive stimuli, as has been hypothesized for
other reward-related regions such as the NAc, SLEA,stimulus (data not shown; similar data reported by Ap-
karian et al., 1999). This peak of rated pain follows a amygdala, and VT.
similar time course to the decrease in BOLD signal in
the PAG. The decrease in PAG signal is also concurrent Limitations
with BOLD signal increases in regions such as the thala- Limitations that apply to this fMRI study include moder-
mus and SI cortex. ate sample size, issues pertaining to signal to noise
for small subcortical structures, magnetic susceptibility,
spatial resolution after data analysis, and some possibleActivation of Prefrontal Cortex
uncertainties relating to the exact nature and correlationIn animal and human studies, the prefrontal cortex has
of the fMRI signal to neuronal activity (Becerra et al.,been associated with emotion function, along with multi-
1999; Breiter et al., 1997, 2001).ple cognitive functions such as memory, vigilance, and
A separate concern relates to the physiological inter-planning (Watanabe, 1998; Berns et al., 1997; Konishi
pretation of negative signal changes during stimulation.et al., 1998; Barbas, 2000). Similar prefrontal foci of acti-
Experimentally, negative signal change has been ob-vation were observed for the 41C and 46C stimuli, and
served in other studies of pain (Iadarola et al., 1995;overlap between them was observed within four areas
Hsieh et al., 1995) and drug administration (Breiter et(BA 6, 8, 44, and 45). The volumes of significantly acti-
al., 1997; Bonhomme et al., 2001). Here, the work ofvated tissue for the two stimuli were very different in
Logothetis and colleagues (Logothetis et al., 2001)lateral prefrontal regions (i.e., BA 9, 10, 45, 46, 44), where
would suggest that a decrease in BOLD signal resultsthere was a 2-fold increase of activated tissue for the
from a decrement in information processing in local neu-aversive stimulus (9.81 cm3 for 46C and 3.80 cm3 for 41C).
rons and glia.The increased activation in the lateral prefrontal cor-
Another concern is that data acquisition was not car-tex observed following the 46C stimulus suggests that
diac gated (see Guimaraes et al., 1998), suggesting thethe region may be part of an extended system evaluating
potential for cardiac pulsation effects on brainstemthe aversive salience of the stimulus. Such an interpreta-
structures such as the PAG and VT.tion is consistent with the observations of lateral pre-
frontal cortex involvement with the modulation of pain.
For example, animal studies have reported that compo- Conclusions
The temporal analysis demonstrated multiphasic re-nents of lateral prefrontal cortex may facilitate neuronal
activity in the thalamus following thermal pain (Condes- sponses to the stimulus, with different structures re-
sponding to the two phases. Most of the putative rewardLara et al., 1991). Lateral prefrontal stimulation has been
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chotropic medications. Results from our previous study (Becerra etregions, and some interconnected regions, responded
al., 1999) produced minimal changes in physiological parametersrapidly in the first phase and returned to baseline levels
(heart rate, respiratory rate, end-tidal CO2) and hence no physiologi-during the second phase; among these early responding
cal recordings were taken for the current study.
regions were the SLEA, VS/NAc, VT/PAG, and GOb. Re- Subject Instructions
gions that have commonly been associated with sensory Before the experiment, as part of the consent process, subjects
were informed in detail about the nature of the experiment, andand motor processing were activated during the second
the temporal sequence of procedures, including subjective ratings.phase; the aCG and INS had the most similar responses
They were scanned with eyes closed (see Becerra et al., 1999, forin this regard. These results lend further credence to
details).the notion that these groups of structures respond as
distinct functional units and suggest the hypothesis that
Thermal Stimulation
affective and motivational processes, involved with eval- Thermal stimuli were delivered using a modified (Becerra et al.,
uation of reward/threat, occur prior to putative sensory- 1999) Peltier based thermode (Medoc, Haifa, Israel). The first scan
cognitive responses to the stimulus. The ability to rapidly consisted of four warm stimuli of 41C (25 s) interleaved with a
base temperature of 35C (30 s). For the second scan, the target(and potentially nonconsciously) determine the pres-
temperature was 46C, interleaved with the same base temperatureence and degree of a putative threat may be highly
as before. The thermode was set to change the temperature at arelevant to survival.
rate of 4C/s (see Becerra et al., 1999, for details).
Some of the putative reward regions observed to be
activated in this study have also been reported in studies Scanning
using reinforcing drugs such as cocaine and morphine Subjects were scanned in a 1.5 T Signa LX 8.2 scanner (GE, Milwau-
(Breiter et al., 1997, 2000). Common activation of these kee, WI) with EPI capability utilizing a quadrature head-coil (GE,
Milwaukee, WI).regions for aversive and rewarding stimuli suggests that
Standard Anatomical Scansthey may constitute a general circuitry processing both
Anatomical scans were acquired using the same protocol used pre-rewarding and aversive information (Spinoza, 1883;
viously (Becerra et al., 1999).
Schneirla, 1959). In one region of the NAc, the valence Standard fMRI Scans
of signal change appears to be opposite for aversive fMRI scans were acquired using an asymmetric spin echo sequence
versus rewarding stimuli. In particular, morphine ap- with TE/TR 70 ms/2.5 s, and in-plane resolution of 3.125 mm. 100
time points were acquired for each functional run.pears to induce an increase in signal in the NAc (Breiter
et al., 2000), while noxious heat appears to induce a
Data Preparationdecrease in signal in at least one portion of it (Borsook
Scans were motion corrected as previously described (Becerra etet al., 2000). If neural responses in the NAc truly are
al., 1999; Breiter et al., 1996b) and evaluated to determine that thecounterbalanced by acute pain and opioids, this may
maximum deviation due to motion was never greater than 1.5 mm.
explain the low incidence of addiction after opioid anal- Motion-corrected time images were inspected for residual motion
gesia for acute pain (Porter and Jick, 1980). (especially around the cortex) and were found to be free of artifacts
for all eight subjects. Subsequently, all data sets were inspectedIn this study, brain responses to an aversive stimulus
for normality. No brain structure in any subject displayed a deviation(i.e., 46C) produced a set of qualitative descriptors and
from a normal distribution of signal.quantitative indices that were not observed for the 41C
Talairach Transformationstimulus. Observations in this set included: (1) categori-
Functional time series data for both runs were transformed into
cal signal differences in putative reward regions; (2) in- Talairach space (Talairach and Tournoux, 1988) along with the 3D
creased volume of frontal lobe, temporal lobe, and brain- SPGR scan. Functional and anatomical scans were then resliced in
the coronal plane with an in-plane resolution of 3.125 mm and 3stem/cerebellum signal (i.e., ratios of activation volume
mm slice thickness.between 41C/46C of 0.2); (3) signal habituation; (4)
Normalization and Averagingdifferential pattern of activation organized by early and
All functional scans were linearly detrended. Functional runs werelate measures; (5) alterations in the BOLD waveforms;
then intensity normalized to the mean baseline, and scaled to 1000
and (6) synchrony of activation among putative reward units. Talairach-transformed structural runs were averaged across
regions, and separately, among classic pain regions. All subjects, as were functional runs by stimulus category (i.e., 41C
versus 46C runs). Averaged data was smoothed with an isotropicthese measures provide for the objective dissection of
gaussian filter of FWHM 6 mm.the CNS response to pain. Psychophysical measures
Parametric Statistical Mappingprovide subjective but not objective assessments of the
Analysis was performed in two steps. The first one involved an Fintensity, unpleasantness (Gracely and Kwilosz, 1988;
test on a voxel-by-voxel basis to determine activation due to the
Price, 2000a), or presence of pain. By assessing qualita- 35C–41C or 35C–46C stimuli. The F test maps were converted
tive descriptors and quantitative indices of function in to corresponding log p maps, which in turn were color-coded. These
maps were used to determine differences in activation patternsputative reward regions and classic pain circuitry, brain
between the two experiments.imaging may provide an objective measure of the pain
The second step involved performing a generalized linear modelexperience.
analysis (GLM) (Friston et al., 1994) of the data. Previous work from
our group indicated the presence of a biphasic response to thermal
stimuli with phases temporally segregated (Becerra et al., 1999). ToExperimental Procedures
determine the relative presence of each phase, we constructed a
model incorporating two phases (early, late). The model for eachSubjects
Eight healthy, right-handed male volunteers were recruited for this phase resulted from convoluting a standard  function hemody-
namic response with a time course equivalent to only delivering thestudy (age 29.0  3.3 years; range 21–40 yrs). All subjects signed
consent forms according to the protocol approved by the Subcom- first or second half of the actual thermal stimulus. That is, the early
phase was constructed assuming that stimuli were applied for themittee for Human Studies at Massachusetts General Hospital and
Harvard Medical School. Subjects had no history of neurological, first 12.5 s of the epoch, and the late phase was constructed assum-
ing that the stimuli were delivered during the last 12.5 of the actualpsychiatric, or other medical condition, or treatment with psy-
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25 s epoch. Figure 1A displays the average time course for the 46C data to ascertain that they did not overlap areas of susceptibility
artifact. Such overlap was determined by whether or not a voxel’sstimulus with the resulting models after convolution. Figure 1B is
the design matrix used for the GLM analysis. To compensate for signal intensity during the baseline was less than the average voxel
in its slice by 50% of the difference between the average voxeltime shifts, first derivatives of the model were added to each phase
as depicted. Contrasts were not calculated for the derivatives. signal intensity in the slice and the average voxel signal intensity
outside of the slice (Breiter et al., 1997).All of the voxel-by-voxel statistical calculations (F test and GLM)
were performed using MEDx (Sensor Systems, Bethesda, MD) and
built-in FSL1.3 (FMRIB Software Library, Oxford, UK). Acknowledgments
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